Introduction 32
The heterogeneous oxidation of atmospheric organic aerosols can transform particulate 33 properties with a direct influence on climate, human health and visibility. Previous work has 34 attempted to estimate the relative importance of different oxidation pathways by distilling the 35 complex chemistry involving free radical intermediates into two generalized reaction pathways, 36 termed functionalization and fragmentation. Functionalization occurs when an oxygenated 37 functional group is added to a molecule, leaving the carbon skeleton intact. Alternatively, 38 fragmentation involves C-C bond cleavage and produces two oxidation products with smaller 39 carbon numbers than the reactant. The ability to predict secondary organic aerosol (SOA) yields, 40 and thus ambient SOA concentrations, is very sensitive to the assumed "branching ratio" 41 between functionalization and fragmentation. This is because functionalization produces less 42 volatile compounds and increases particulate mass, while fragmentation typically forms more 43 volatile products that can evaporate and thereby decrease particulate mass. A third general type 44 of pathway, oligomerization, reduces average volatility and increases carbon number, and is thus 45 similar to functionalization in its impact on organic aerosol formation and aging. The potential 46 utility of representing aerosol formation and aging chemistry in models using these "generalized 47 reaction pathways" relies on developing parameterizations that are experimentally validated 48 through detailed measurements of oxidation products. 49 Much more is known about the chemistry of free radical-induced hydrocarbon oxidation 50 in the gas phase than in the condensed phase. 1 Gas-phase mechanisms and product branching experiments on larger gas-phase n-alkanes have shown that isomerization reactions increase in 75 importance (and that of scission reactions decreases) with carbon chain length. 7, 8 It remains 76 unclear how these detailed gas phase mechanisms, formulated for relatively small molecules, can be applied to heterogeneous free radical oxidation of larger organic molecules in aerosol 78 particles. 79 Early studies of heterogeneous chemistry focused on inorganic compounds, and some of 80 the first identified atmospherically-relevant reactions involve nitrogen and/or chlorine containing 81 compounds on sea salt aerosol 9 or in polar stratospheric clouds. 10 Recently, heterogeneous 82 oxidation of organic aerosols (OA) has received increased attention. 11, 12, 13 Most studies have 83 shown that heterogeneous oxidation of organic compounds is about as efficient as gas-phase 84 oxidation, assuming there is sufficient time for gas-phase oxidants to diffuse to the surfaces of 85 condensed phases. The heterogeneous rate is typically expressed as an uptake coefficient or 86 reaction probability (γ), which is the fraction of collisions between gas-phase oxidants and a processes (relative to gas phase oxidation) are expected to dominate, due to the high particle 179 loading and surface-to-volume ratios. squalane decay is better described as single exponential (Fig. 4b) , whereas octacosane appears to 262 react more quickly during the first oxidation lifetime and then more slowly as oxidation proceeds 263 (Fig. 4a ). This could be consistent with a kinetic delay associated with surface replenishing of 264 octacosane molecules.
265
In addition to differences in phase, the more rapid heterogeneous oxidation of squalane 266 relative to n-octacosane could also be due to more rapid hydrogen abstraction from the tertiary (Fig. 4a) .
284
All single-carbonyl compounds (octacosanal and 2-through 14-octacosanone) are 285 detected and chromatographic separation is achieved for all these isomers up to 8-octacosanone.
286
The total EI signal intensity could not be used to individually quantify the 9-through 14- 4.8, and 10, respectively (Fig. 5a ). Using the VUV chromatograms for individual C n H 2n+1 O + ion fragments, six squalanone isomers 346 are isolated, with the two remaining isomers (9-and 12-squalanone) co-eluting (Fig. S3) . Similar concentrations and kinetics are observed for squalanol, with twelve positional isomers isolated 348 by VUV-MS (Fig. S4 ).
349
As shown in Fig. 7a above. However, the similarity in total EI signal with those of individual fragment ions (e.g.,
355
C 4 H 9 + , the formation of which would not be expected to depend strongly on the location of a radical into a hydroxyl group (Fig. 1b) In contrast to the linear alkane, the distribution of squalanol isomers (Fig. 7b) is different 381 than what is observed for squalanones. The preference for α-over β-carbons for hydroxyl 382 functionalization is much less pronounced. The most prevalent isomers, 2-, 6-, and 10-squalanol, 383 can be explained by more rapid initial H abstraction rates from these tertiary carbons consistent 384 with SRR predictions shown in Fig. 7b . There is also, however, an overall enrichment in alcohol 385 functional groups formed toward the end of the molecule, which is not captured by SRR 386 calculations. The origin of this enrichment is currently unknown, but could be due to the 387 branching ratio of intra-to intermolecular H abstraction by alkoxy intermediates (Fig. 1b) . If 388 alkoxy radicals towards the end of the molecule are more exposed to other molecules, they might 389 be more likely to undergo intermolecular H abstraction, yielding squalanols. More interior 390 alkoxy radicals may instead be more likely to undergo intramolecular H abstraction, which 391 would lead to multi-functional compounds, discussed below.
Several products containing two oxygenated functional groups are also detected. The 393 identification of the parent ion in the VUV mass spectra, combined with both GC retention 394 times, allows these compounds to be classified into three groups: C 30 H 62 O 2 ("squaladiols"),
395
C 30 H 60 O 2 ("hydroxysqualanones"), and C 30 H 58 O 2 ("squaladiones"). The first two groups do not 396 include alkanoic acids, which have distinct mass spectra. Figure 9 depicts the kinetic evolution of 397 these three groups. All squaladiones (two carbonyl groups) compounds are second-or higher-398 generation products and are thus formed via multiple reactions with OH (Fig. 9c) . Most 399 squaladiols (two OH groups, Fig. 9a ) and approximately half the hydroxysqualanones (Fig. 9b) , 400 however, have a kinetic evolution that is consistent with first generation products. The formation In contrast to octacosane, significant quantities of squalane fragmentation products (i.e., 410 particle-phase molecules containing less than 30 carbon atoms) are formed during the reaction.
411
The sum of the concentrations of these compounds is 154 ± 71 µg m -3 at ~0.9 lifetimes (Fig. 4b) , 412 which is approximately half the quantity of first-generation carbonyl functionalization (C 30 H 60 O) 413 products. As shown in Fig. 10 , identified fragmentation products in non-derivatized samples 414 include 33 carbonyls (C n H 2n O), 32 lactones (C n H 2n-2 O 2 ), 57 alcohols (detected as C n H 2n ), and 40 415 exact parent molar masses and 2 nd dimension (polarity) GC retention times. The most common 417 carbon number of the fragmentation products is 24 (this was true of several compound classes).
418
Other prevalent carbon numbers, in order of decreasing abundance, are 19, 22, 13, 11, and 17 419 (Fig. 10a) . Assuming that only one C-C bond is broken in these reactions, this indicates that 420 bonds involving tertiary carbons are the most likely to be cleaved.
421
This analysis does not detect molecules with fewer than ~8 carbon atoms, although the 422 decrease in squalane particle volume limits the yield of such species to < 7% at one lifetime.
423
Previous studies of the squalane system conducted by our group have found that at low OH The observation that the bonds in squalane most susceptible to cleavage involve tertiary 436 carbons is expected, since β-scission of an alkoxy radical produces an alky radical (Fig. 1b) The influence of the phase of the particle is observed in the distribution of octacosanone 
